Background: Genetic epilepsy with febrile seizures plus (GEFSϩ) is a familial epilepsy syndrome with extremely variable expressivity. Mutations in 5 genes that raise susceptibility to GEFSϩ have been discovered, but they account for only a small proportion of families.
these genes. 4, 15 In addition, linkage studies have identified 7 genomic regions likely to harbor genes increasing risk for GEFSϩ and 5 regions likely to harbor genes increasing risk for FS (table 1). [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] Two loci originally described as FS loci (FEB3 and FEB4) were reported in pedigrees best classified as GEFSϩ due to phenotypes beyond typical FS. 20, 21, 27 Here we describe a GEFSϩ kindred from Central America with evidence for linkage to chromosome 6q16. 3-22.31 . This region has not been previously reported in association with FS, GEFSϩ, or other inherited epilepsies. Because there are no ion channel genes in this locus, identification of the causative gene may provide new insight into the pathogenesis of FS and inherited epilepsy.
METHODS Family ascertainment and phenotyping.
The family reported here was collected in the Epilepsy Family Study of Columbia University (EFSCU). Each subject was screened for seizures in a telephone interview, and those who screened positive were given a semistructured diagnostic interview, administered by a neurologist or general physician with specialized epilepsy training, to obtain information on seizure symptoms and etiologic factors. Whenever possible, medical records were obtained from treating physicians. Individuals aged 13 years or older were interviewed directly; those aged 12 years or younger who were able to understand the questions were interviewed jointly with a parent or caregiver. If a subject was deceased or otherwise unavailable, we interviewed the relative likely to be most knowledgeable about the seizure history. Whenever the quality of information regarding seizure history was in question or the subject's own recall was insufficient, we interviewed additional family members to clarify the seizure history. Two experienced epileptologists (W.A.H. and T.A.P.) reviewed all assembled data on each subject to render a final diagnosis. To remove the possibility of bias, each subject was reviewed blindly with respect to the diagnoses of other family members. These methods have been validated 28, 29 and have been described in detail previously. 30, 31 Collection of DNA. We collected blood samples via venipuncture from consenting family members. DNA was purified from blood leukocytes by the Gentra Systems purification kit and from Epstein-Barr virus-transformed cell lines by organic extraction from pelleted cells.
Microsatellite typing. The Center for Inherited Disease Research (CIDR) genotyped 390 short tandem repeat polymorphisms (STRPs, or microsatellite markers) spaced at an average of 9 cM throughout the genome. We evaluated the STRP data for consistency and genotyping errors with RELCHECK, 32 PEDCHECK, 33 and SIMWALK2 34, 35 and recoded both alleles to "unknown" in any individual with a genotyping error that could not be resolved for a given marker. In the region defined by initial genome-wide analyses using the CIDR panel (chromosome 6q14-q23), we genotyped 29 additional STRPs from the Applied Biosystems (ABI) panel (ABI, Foster City, CA), using standard protocols to perform PCR reactions and electrophoresis of amplified markers on the ABI Prism 3100 Analyzer. We visually analyzed the lengths of the markers using ABI Prism Genescan and Genotyper 3.7 software.
Standard protocol approvals, registrations, and patient consents. The EFSCU was approved by the Columbia University Medical Center Institutional Review Board, and all participating subjects or their parents gave written informed consent.
Linkage analysis. The linkage analysis method involves evaluation of the evidence for cosegregation, within each family, of disease status with genetic marker alleles. The lod (logarithm of odds) score measures the strength of the association, with values above 0 indicating greater than chance cosegregation and values above 3.0 indicating significant genome-wide evidence for linkage. Initially, we screened for evidence of linkage across the genome using the CIDR markers in this family and many other EFSCU families. For the initial screen, we used a conservative model assuming autosomal dominant inheritance with 50% penetrance, no sporadics (i.e., zero penetrance in noncarriers of the susceptibility allele), and a 1% frequency of the susceptibility allele; this model was used to avoid inflation of the lod score. After obtaining preliminary evidence for linkage on chromosome 6q, we reanalyzed the data under a model more realistic for this family. Among 9 family members with affected children (obligate carriers under a dominant model), 8 were affected, suggesting that penetrance was approximately 90%. Hence, in all subsequent linkage analyses, we assumed autosomal dominant inheritance with 90% penetrance, no sporadics, and a 0.001 frequency of the susceptibility allele. We computed 2-point lod scores using FASTLINK 36 and multipoint lod scores using SIM-WALK2 and assembled haplotypes using SIMWALK2. GEFSϩ ϭ genetic epilepsy with febrile seizures plus; FS ϭ febrile seizures.
We also performed 2-point and multipoint model-free linkage analysis using posterior probability of linkage (PPL) methods with KELVIN software. 37 This method evaluates the evidence for linkage without assuming values for unknown genetic model parameters (e.g., mode of inheritance, penetrance, allele frequency) or incurring the inflationary effects of maximizing over models. 38 We evaluated the linkage evidence specifically for the loci of the 5 previously identified GEFSϩ genes, 7 GEFSϩ loci, and 5 FS loci by calculating multipoint lod scores for each locus. Selection and sequencing of candidate genes. Once the critical region of linkage was identified, we evaluated each gene in the region for reported protein function and levels of brain expression in the University of California Santa Cruz (UCSC) Genome Bioinformatics 2006 assembly (http://genome.ucsc.edu/). We designed forward and reverse oligonucleotide primers for all exons and flanking exon-intron junctions using Primer 3 software. We used standard PCR methods to amplify these regions in genomic DNA from 3 affected individuals (II:5, III:1, and III:5) and sequenced the amplified PCR products using automated fluorescent dye terminator methods (SeqWright, Houston, TX). Sequence analysis was performed using DNAStar software.
Evaluation of copy number variants in the critical region. We used a tiling array for chromosome 6 (Affymetrix, Santa Clara, CA), with 25-base pair oligonucleotide probes placed approximately 35 base pairs apart, enriched in the regions of exons, to assess for heterozygous copy number changes. Genomic DNA from affected individuals II:5 and III:1 and unaffected individual I:2 was digested with restriction enzyme NlaIII and hybridized to the tiling array. Model-based analysis and a hidden Markov model were used to determine copy number, and evaluation for deletions and duplications was performed with Integrated Genome Browser software.
RESULTS
Description of the pedigree. The pedigree shown in figure 1 contains 4 generations of individuals with FS, FSϩ, or epilepsy and shows a clear autosomal dominant pattern of inheritance. The family phenotype is highly consistent with GEFSϩ.
Fifteen individuals were designated as affected (table 2). None of them had a history of any illness or CNS insult likely to be related to epilepsy (e.g., severe head injury, stroke, brain tumor, brain surgery, brain infection), and all except III:1 (described below) were intellectually normal. Six individuals had FS: II:10, III:3, III:5, III:9, IV:1, and IV:3. All had onset of FS between ages 8 and 12 months, and reso- lution before age 4 years in those for whom that information was available; none had afebrile seizures. Two subjects, II:5 and II:14, had FS and later epilepsy. Individual II:5 had afebrile seizures described as activity arrest with impairment of speech production, the perception that words that were read were repeating themselves, and fear. His seizures were typically induced by reading, and he had a single afebrile secondarily generalized convulsion. He was classified as FS and localization-related epilepsy. Individual II:14 had recurrent afebrile generalized tonic-clonic seizures (GTCs) with no aura or localizing symptoms reported at the onset and therefore was classified as FS and epilepsy with undetermined localization-related vs generalized onset.
Individuals III:8 and III:13 had FSϩ, in III:8 on the basis of FS accompanied by afebrile GTCs and in III:13 because FS persisted until age 7 years. Individual III:8 also had afebrile convulsive seizures with semiology consistent with focal onset, described as nervousness (screaming, hyperactivity, or calling her mother) and hypersalivation at the onset.
Subject III:1 had onset of FS at 18 months and had a total of 20 FS. He had afebrile GTCs sometimes as often as 4 per month between ages 3 and 6 years, myoclonic jerks reported at age 9 years, brief staring episodes diagnosed clinically as absence seizures, and complex partial seizures described as paroxysmal periods of altered responsiveness lasting up to 3 minutes between ages 5 and 10 years. Developmental milestones were normal in the first year of life, but he went on to have marked cognitive and behavioral difficulties. MRI of the brain was normal at age 7 years. EEG was normal at age 4 years; later EEGs, performed between ages 6 and 13 years, showed left-or right-posterior spike-wave complexes with generalization, bifrontal spike-wave complexes, and irregular generalized spike-wave complexes. This individual's history satisfied criteria for FSϩ and was also suggestive of borderline severe myoclonic epilepsy of infancy (SMEB) because of the mixture of seizure types and developmental delay after onset of recurrent FS in a previously normal child. However, the clinical picture also differed from SMEB in several aspects: onset after 1 year, normal EEG at age 4 years, and lack of evidence of status epilepticus. Thus we designated this person as FSϩ and severe epilepsy with developmental delay.
Individuals I:1, II:2, and III:2 had epilepsy comprised of recurrent afebrile GTCs with no aura or localizing symptoms at the onset, therefore of undetermined onset. Individual II:4 had only an isolated unprovoked seizure but also had a child affected with epilepsy. In our analyses, we considered individual II:4 to be affected.
Linkage analyses and identification of a critical region. Table 1 lists the maximum multipoint lod scores for markers in the CIDR panel located closest to the known GEFSϩ genes (SCN1B, SCN1A, SCN2A, GABRG2, and GABRD) and at the GEFSϩ and familial FS loci. There was no evidence for linkage to any of these previously delineated loci, and most could effectively be excluded (lod ϽϪ2.0).
In the initial genome-wide microsatellite marker screen using the CIDR data, the maximum 2-point lod score was 3.21 for D6S474 (chromosome 6q21), and the multipoint lod score was 3.66 in the same region. This was the only region associated with a lod score greater than 2.05. Reanalysis of all available marker data on chromosome 6, including the 29 newly typed markers, yielded a maximum 2-point and multipoint lod score of 4.68 at D6S1706 (figure 2A) assuming 90% penetrance. In the model-free analysis, the maximum PPL for the 2-point and multipoint methods was 0.89 at marker D6S1706 (figure 2B), indicating an 89% posterior probability of linkage, consistent with the results of the model-based linkage analysis.
Haplotype analysis using SIMWALK2 indicated that all affected individuals share a haplotype of alleles at 7 markers between D6S1021 and D6S304 (figure 1). The haplotype is delimited by 2 key recombination events: the first between markers D6S962 and D6S1021 in individual III:5 and his father II:7 (an obligate carrier), and the second between markers D6S304 and D6S287 in individual III:13. These data place the minimal genetic region (MGR) between markers D6S962 and D6S287 (i.e., the markers flanking the haplotype), an 18.1megabase (Mb) region at 6q16.3-22.31 that spans from 107.15 to 119.55 cM on the deCODE map.
Two unaffected subjects, III:6 and III:12, also have recombinant haplotypes in this region (figure 1). Subject III:6 carries the portion of the disease haplotype centromeric to D6S1698, and subject III:12 carries the disease haplotype centromeric to D6S941. The evidence from subject III:6 suggests that the gene is likely to be telomeric to D6S941, which would reduce the MGR slightly, to the region between D6S941 and D6S287. Because of incomplete penetrance, the evidence from unaffected individuals is less definitive than that from affected individuals; thus, we have conservatively defined the MGR based on the data from affected individuals only. However, assuming 90% penetrance, it is unlikely that both III:6 and III:12 are nonpenetrant carriers; hence the disease locus is likely to be telomeric to D6S941.
Mutation screening of candidate genes in the critical region. In the region delimited by microsatellite markers D6S962 and D6S287, we found 137 entries for genes, complementary DNAs, and messenger RNAs in the UCSC Genome Bioinformatics 2006 genome assembly. Of these, 19 were duplicate or overlapping entries, leaving 118 unique entries. We considered 42 of these entries to be poor candidates because they represented either hypothetical proteins or poorly characterized entries. We considered the following 16 genes to be very good candidates based on protein function (e.g., membrane and transmembrane proteins, solute carrier proteins, proteins involved in intracellular trafficking) and/or reported high levels of brain expression: MAN1A1, NUS1, GOPC, DCBLD1, PIST, GPR6, GPRC6A, KPNA5, FAM26E, DSE, HDAC2, SLC16A10, SLC22A16, SLC35F1, SNX3, and NR2E1.
Sequencing did not reveal any sequence changes that were predicted to alter the amino acid sequence or splicing in the exons or exon-intron junctions of these 16 candidate genes. We did observe some synonymous sequence variants, including previously reported single nucleotide polymorphisms.
Copy number assessment. When we used an oligonucleotide array of chromosome 6 to screen for deletions or duplications, we did not observe any copy number abnormalities in either of the 2 affected subjects or 1 unaffected subject screened (data available on request).
DISCUSSION
In a 4-generation family with GEFSϩ, we identified an 18-Mb (12.4-cM) critical region of linkage at 6q16.3-22.31. The absence of any genes related to ion channel function in this region suggests that epilepsy in this family is due to a novel mechanism of seizure susceptibility and epileptogenesis. We sequenced 16 genes in this region that encode solute carriers, G protein-coupled receptors, and other proteins that we predicted might be related to an epilepsy phenotype, and did not find a causative mutation. Because GEFSϩ is an autosomal dominant syndrome, a heterozygous deletion or duplication of a whole exon in the region 6q16.3-22.1 could be present but not detectable by direct sequencing. However, for each gene in the region, we excluded exonic deletions and duplications using a dense oligonucleotide tiling array.
Three of the 4 affected individuals without reported FS were in the older generations of the family. A recent report suggests that underreporting of FS is likely, even when parents are interviewed. 39 Thus, some of these subjects may have had FS, although this would not have changed their designation as affected. Also, some of the family members designated as unaffected may have had unreported FS and may therefore have been misclassified. The relatively high incidence of sporadic FS in the general population raises the possibility that 1 or more of the individuals with FS were phenocopies. However, if this were the case, we would not have expected to find a haplotype shared by all individuals classified as affected in the family.
The region we have identified from 6q16.3-22.31 is distinct from the previously described loci for FS or GEFSϩ. The nearest previously described locus is FEB5, spanning the region of 6q22.33-23.2 between microsatellite markers D6S1620 and D6S975. 23 As depicted schematically in figure 3 , these regions are separated by 10.4 Mb. Furthermore, the phenotype described in the 3 families with linkage to the FEB5 locus consists of simple FS with only 1 individual with later epilepsy. 23 Thus, we have no evidence to suggest that the relative proximity of our locus to FEB5 represents more than coincidence. The nearly complete correspondence between the haplotype and disease (or obligate carrier) status, coupled with linkage evidence consistent across modelbased and model-free analysis methods, strongly suggests that this family has a mutation in a gene with a major effect on risk for GEFSϩ in this region of chromosome 6. There are no genes in the 6q16.3-22.31 region encoding sodium channels, glutamate or ␥-aminobutyric acid receptors, or other classes of proteins that have been thus far associated with GEFSϩ or other inherited epilepsies. Although we have sequenced 16 candidate genes, we have not excluded the presence of a mutation in the other genes in the region or addressed the possibility of a mutation in an intron or other noncoding element in one of the genes sequenced. With the advent of more efficient and comprehensive technologies for sequencing and evaluation of copy number variation, a more precise understanding of the genetic etiology of GEFSϩ in this pedigree should be possible in the future. For now, our data not only illustrate the heterogeneity of the etiologies of GEFSϩ but also suggest that there are as yet undiscovered mechanisms underlying GEFSϩ and epilepsy in general.
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